This study evaluated the antioxidant and anti-fatigue activities of flavonoids from Puerariae radix (FPR). In vitro antioxidant activities of FPR were investigated through hydroxyl and superoxide radical scavenging activities. In vivo anti-fatigue activity of FPR was investigated through loaded swimming exercise of mice. Results showed that FPR had not only in vitro antioxidant activities, but also an in vivo anti-fatigue activity in mice. FPR possessed superoxide and hydroxyl radical scavenging activity in in vitro experimental studies. In vivo experimental studies, FPR could evidently extend exhaustive swimming time of mice, inhibit the increase of blood lactic acid (BLA), decrease serum urea nitrogen (BUN) and malondialdehyde (MDA) contents, promote increases in the activities of superoxide dismutase (SOD) and glutathione peroxidase (GPX) of mice after swimming. The results provided an important basis for developing the FPR as a novel antioxidant and anti-fatigue compound.
Introduction
Fatigue can be defined as the reversible decline in skeletal muscle contractile performance due to intense muscle activity (Allen et al., 2008) . Fatigue is associated with many physiological factors including reduced neural input (central and peripheral) and disruptive metabolic changes in skeletal muscle such as lactic acidosis and the production of oxidative free radicals (Mach et al., 2010) Free radicals are intermediate metabolites of many vital biochemical events in the body, and they are in a dynamic balance between their production and clearance. Research evidence has accumulated in the past decade that intense exercise can produce an imbalance between the body's oxidation system and its anti-oxidation system. The accumulation of reactive free radicals will put the body in a state of oxidative stress and bring injury to the body by attacking large molecules and cell organs. Enzymatic and nonenzymatic antioxidants play a vital role in protecting tissues from excessive oxidative damage during exercise. Recent research suggests that supplementation of exogenous dietary antioxidants can also decrease the contribution of exercise-induced oxidative stress and improve the animal's physiological condition (Wang et al., 2006; Trapp et al., 2010) . The reason may be that exogenous antioxidants can promote or interact with endogenous antioxidants to form a cooperative network of cellular antioxidants (Mizuno et al., 2008; You et al., 2011) .
Flavonoids, which are naturally spread in food and plants, might delay, inhibit, or even prevent oxidation reaction by terminating the oxidation chain transmission or by chelating metal ions, etc. (Fukumoto and Mazza, 2000) . Therefore, a number of studies have been focused on biological activities of flavonoids as a potential antioxidant and free radical scavengers. Puerariae radix (PR), the root of Pueraria labata (Willd.) Ohwi, a wild creeper leguminous plant, is one of the earliest and most important crude herbs used in Chinese medicine for various medicinal purposes (Wang et al., 2003) . It is used to treat cardiovascular diseases, myocardial infarction, hypertension, and potential diabetes (Xu et al. 2005; Yan et al. 2006 ). Pharmacological studies reveal that the active ingredients in Puerariae radix are flavonoids. Xu and He (2007) have indicated that puerarin (daidzein 8-C-glucoside), daidzein and rutin are the major flavonoids in PR. In vitro antioxidant activities and in vivo anti-fatigue activity of flavonoids from PR (FPR) have not been previously published. Hence, the present work investigated the possible antioxidant and anti-fatigue activities. In this study, we examined the antioxidant activities of FPR, employing various in vitro assay systems, such as the hydroxyl and superoxide radical scavenging. In vivo anti-fatigue activity of FPR was investigated through loaded swimming exercise of mice.
Materials and Methods

Plant material
Puerariae radix was bought from the Chengdu Chinese herb factory, and authenticated by Dr. Li (College of Life Science, Sichuan Normal University, Chengdu, China). A voucher specimen (Rm-17-217) was deposited in a herbarium of Sichuan Normal University. Samples were ground into powder.
Chemicals
Trolox (6-hydroxy-2,5,7,8-tetramethylchromancarboxylic acid) was obtained from Sigma Chemical Co. (St. Louis, MO, USA). Commercial kits used for determination of Blood lactic acid (BLA), serum urea nitrogen (BUN), malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GPX) were all purchased from Jiancheng Institute of Biotechnology (Nanjing, China). All other chemicals and solvents used in this study were of analytical grade and obtained from Sichuan Reagent Company (Chengdu, China).
Preparation of flavonoids from Puerariae radix
Flavonoids from Puerariae radix (FPR) were prepared by the method of Li et al. (2010) . Samples of 100g were weighted and mixed with 80% aqueous ethanol (solvent: sample= 10:1, v/w) for extraction. The process was refluxed in haven for three times and 40 min for each. The extracted solutions were filtered and evaporated to 100 mL under reduced pressure at 60 °C. Then, the filtrate was added into a glass column (4.0 cm×60 cm, containing 200.0 g D101 macroporous resin purchased from the Chemical Plant of Nankai University, Tianjin, China). The column was first washed with water (600 mL) to remove the un-desired compounds, and then the resin was eluted with 40% aqueous ethanol (800 mL) to elute the targets. The 40% aqueous ethanol elution was collected and evaporated under reduced pressure at 60°C to dryness, and 4.75 g powder was produced, which was stored in a refrigerator for subsequent experiments.
Hydroxyl radical scavenging activity
The hydroxyl radical scavenging activity was carried out by the modified method of Yang et al (2010) . Briefly, the reaction mixture contained 2.06×10 
Superoxide radical scavenging activity
The superoxide radical scavenging activity was carried out by the modified method of Xiang and Ning (2008) . Briefly, the reaction mixture contained 70 uL 10 mM pyrogallol, 4.5 mL 50 mM Tris-HCl (pH 8.2) and 0.5 mL various concentrations of FPR samples. The absorbance at 325 nm was recorded immediately at 30 s and then recorded once every minute. Trolox was used as control. The superoxide scavenging rate (SSR) was calculated with the equation:
Where A 0 was the absorbance of the control (without extract), A 1 was the absorbance in the presence of the extract, A 2 was the absorbance without pyrogallol.
Experimental animals
Male ICR mice (at the age of 6 weeks) were obtained from the Experiment Animal Center of Sichuan, and the research was conducted in accordance with the internationally accepted principles for laboratory animal use and care as found in the European Community guidelines. The mice were housed at 25°C with a 12-hr light/dark cycle with free access to standard food pellets and tap water throughout the study. After one week adaptation to the laboratory conditions, the healthy animals were used. A total of 64 mice were equally randomly divided into four groups, each consisting of 16 mice. The first group designated as control group (control) was administered with distilled water by gavage every day for 5 weeks. The second, third and fourth group designated as FPR treatment groups were administered with FPR of 25, 50 and 75 mg/kg body weight, respectively, by gavage every day for 5 weeks. The doses of FPR and 5 weeks treatment time used in this study were confirmed to be suitable and effective in tested mice, according to preliminary experiments.
Anti-fatigue activity of FPR
The anti-fatigue activity of FPR was evaluated by the weight loaded swimming exercise of mice. After the final treatment with FPR or distilled water, the mice were allowed to rest for 30 min. Then, eight mice were taken out from each group for weight loaded swimming exercise. The animals were placed in the swimming tank (50 cm × 50 cm ×40 cm) 30 cm deep with water maintained at 25 ± 2 ℃. Each mouse's tail was loaded with a bundle of lead pieces, which was 10 % of its body weight. Exhaustion was determined by observing loss of coordinated movements and failure to return to the surface within 10 s (Wu et al., 2007), and the exhaustive swimming time was immediately recorded.
Measuring biochemical parameters related to fatigue
After the final treatment with FPR or distilled water, the mice were allowed to rest for 30 min. Then, the remaining eight mice were taken out from each group for biochemical parameters analyses. Mice were forced to swim for 30 min after weight loading (2% body weight), and blood was collected from the orbital sinus to determine BLA and BUN contents (Jung et al., 2007) . The mice were killed by cervical dislocation, and the skeletal muscles were removed to determine MDA contents, SOD and GPX activities.
Statistical analysis of the data
The results were presented as mean ± S.D. Statistical analysis was performed using ANOVA following Mann-Whitney U-test. A value of P < 0.05 was considered to indicate a significant difference between groups.
Results and discussion
Antioxidant activities of FPR assay Figure 1 depicts the hydroxyl radical scavenging activity of FPR. When the concentration was from 25 to 400 ug/mL, the percentage scavenging of FPR ranged from 7.8 % to 67.4 %, and Trolox ranged from 17.3 % to 70.8 %, demonstrating enhanced hydroxyl radical scavenging ability relative to controls. Figure 2 depicts the superoxide radical scavenging activity of FPR. FPR showed strong superoxide radical scavenging activity. At 2000 ug/mL, FPR and Trolox have 71.3 % and 43.7 % scavenging effect, and FPR was more efficient than Trolox.
Free radicals such as hydroxyl radical and superoxide radical are generated from sequential reduction of oxygen during the normal course of aerobic metabolism. Over abundant radicals cause oxidative stress, which can lead to cell injury and tissue damage (Yu et al., 2008) . Moreover, the generation of oxidative stress may play an important role in the etiology of many pathological conditions (Karuna et al., 2009 ). Antioxidant can be used as the indication of prevention from increased oxidative stress and recovery from fatigue (Morihara et al., 2006; Powers and Jackson, 2008). In this study, the data indicated that FPR has in vitro antioxidant activities, which possessed superoxide and hydroxyl radical scavenging activity. Therefore, FPR may have the potential to reduce the oxidative stress in vivo and to fight fatigue. 
Anti-fatigue activity of FPR assay
Loaded swimming exercise of mice was selected for evaluation of Anti-fatigue activity. The length of the exhaustive swimming time indicates the degree of fatigue. As shown in Figure 3 , the exhaustive swimming time of the second, third and fourth groups were longer than that of the first group (P < 0.05), and increased by 72.12%, 102.77% and 137.03%, respectively. Loaded swimming exercise of mice has been used as an endurance test and also to examine whether certain agents have anti-fatigue effects . Dawson and Horvath (1970) pointed out that swimming has advantages over other forms of exercise, including the treadmill. Training is not required because rodents have a natural swimming ability and they are assumed to be highly motivated to avoid drowning when fatigue is imminent, assuring a high level of performance. Weights have been attached to the tail to standardize the workload and reduce the swimming time in the tank (Matsumoto et al., 1996) . In this study, the data indicated that FPR could evidently extend exhaustive swimming time of mice, which suggested that FPR had anti-fatigue activity. Biochemical parameters related to fatigue assay Figure 4 depicts the effects of FPR on BLA and BUN of mice after swimming. BLA contents of the second, third and fourth groups were lower than that of the first group (P < 0.05), and decreased by 28.84 %, 41.91 % and 48.05 %, respectively. BUN contents of the second, third and fourth groups were lower than that of the first group (P < 0.05), and decreased by 37.78 %, 50.69 % and 45.77 %, respectively.
BLA and BUN are important blood biochemical parameters related to fatigue. BLA is the glycolysis product of carbohydrate under an anaerobic condition, and glycolysis is the main energy source for intense exercise in a short time. Therefore, the blood lactate is one of the important indicators for judging the degree of fatigue (Yu et al., 2008) . In this study, the data indicated that FPR could inhibit the increase of BLA and of mice after swimming, which suggested that FPR could postpone the appearance of fatigue. BUN is a sensitive index to evaluate the bearing capability when human bodies suffer from a physical load and caused by catabolism of proteins and amino acids. Protein and amino acids have a stronger katabolic metabolism when the body cannot obtain enough energy by sugar and fat catabolic metabolism. Therefore, correlation between the urea nitrogen in vivo and the exercise tolerance (Wei et al., 2010) . In this study, the data indicated that FPR could decrease BUN contents of mice after swimming, which suggested that FPR could reduce catabolic decomposition of protein for energy and ameliorates fatigue. Figure 5 depicts the effects of FPR on MDA of mice after swimming. MDA contents of the second, third and fourth groups were lower than that of the first group (P < 0.05), and decreased by 45.29%, 41.24 % and 48.37 %, respectively. MDA is a physiologic ketoaldehyde produced mainly by peroxidative decomposition of unsaturated lipids as a byproduct of arachidonic acid metabolism (Griffiths et al., 2002) . The product generated from MDA due to tissue injury can combine with free amino groups of proteins yielding modified protein adducts. The modification of proteins could potentially alter biological properties. Previous studies indicated that MDA had been frequently measured as an indicator of lipid peroxidation and oxidative stress in vivo (Javier Ordonez and Rosety-Rodriguez, 2007) . In this study, the data indicated that FPR could decrease MDA contents of mice after swimming, which suggested that FPR could effectively reduce lipid peroxidation. Table 1 depicts the effects of FPR on SOD and GPX of mice after swimming. SOD activities of the second, third and fourth groups were higher than that of the first group (P < 0.05), and increased by 49.98 %, 73.03 % and 80.26 %, respectively. GPX activities of the second, third and fourth groups were higher than that of the first group (P < 0.05), and increased by 50.73 %, 97.87 % and 101.46 %, respectively. Some previous reports have shown that reactive oxygen species are responsible for exercise-induced protein oxidation, and contribute strongly to muscle fatigue (Powers et al., 2010) . Muscle cells contain two major classes (non-enzymic and enzymic) of endogenous cellular defense mechanisms to elimcontrolinate reactive oxygen species. The primary antioxidant enzymes include SOD and GPX. SOD dismutates superoxide radicals to form hydrogen peroxide. GPX is the major hydrogen peroxide scavenger enzyme. Together with its substrate glutathione (GSH) they form a formidable defense against hydrogen peroxides and lipid peroxides (Sun et al., 2010) . These antioxidant defense mechanisms become weaker during chronic fatigue and other disease conditions. So, the improvement in the activities of these defense mechanisms can help to fight against fatigue (You et al., 2011) . In this study, the data indicated that FPR could promote increases in the activities of SOD and GPX after swimming, which suggested that FPR could reduce exercise-induced oxidative stress, again supporting that FPR had an anti-fatigue activity. 
Conclusion
In conclusion, our results indicated that FPR had in vitro antioxidant activities, with superoxide and hydroxyl radical scavenging activity. In vivo experimental studies, the data indicated that FPR had anti-fatigue activity, which could evidently extend exhaustive swimming time of mice, inhibit the increase of BLA, decrease BUN and MDA contents, promote increases in the activities of SOD and GPX of mice after swimming. One of the putative mechanisms of anti-fatigue activity is, FPR has higher antioxidant activities, which as exogenous antioxidants, can promote or interact with endogenous antioxidants to form a cooperative network of cellular antioxidants. The results provide an important basis for developing the FPR as a novel antioxidant and anti-fatigue compound. However, further research needs to be carried out to evaluate its anti-fatigue activity on humans and its anti-fatigue mechanism at the cellular and molecular levels.
